The presence of h-BN phase in the composites, in which it is fulfilling a role of a solid lubricant, causes the appearance of the anisotropy of the elastic properties and thermal properties. In order to assess the extent of the phenomenon, velocity changes of ultrasonic wave propagation were measured and thermal conductivity changes were researched. Measurements were carried out on composites of alumina matrix, which had h-BN introduced in an amount of 0-30 vol.%. The study included measurements of the speed of propagation of ultrasound waves and thermal conductivity, which were made in two directions, namely, perpendicular and parallel directions to the axis of compression. Strong dependence of the thermal conductivity anisotropy of the phase composition of materials was revealed.
Introduction
Polycrystalline alumina materials have good mechanical properties, temperature stability of mechanical properties, and resistance to corrosion and erosion [1] [2] [3] . Beneficial physicochemical and mechanical properties of alumina materials in combination with the relatively low price of the raw material determine the wide range of use in technology of elements made of aluminum oxide ranging from electronics through the elements of the apparatus to the ballistic shield [4, 5] . Alumina is also used for the manufacturing of cutting inserts for the machining of metals.
The development of cutting technology progresses to increase cutting speed and to eliminate machining coolants, so materials that are used for cutting are confronted with increasingly stringent quality requirements. The increase in cutting speed results in increased heat generation in the cutting zone and the elimination of the cooling liquids worsens the heat dissipation. This exposes cutting tool material to excessive heat and loss of rigidity. Studies on the alumina materials' properties adaptation to new operating conditions are aimed at improving the mechanical properties and reducing the amount of heat generated during cutting. The first route leads to the formation of particulate composites in which alumina matrix is reinforced with dispersed phases, such as molybdenum, Nowotny phase (MAX phase), or zirconium boride phases [6, 7] . To increase the toughness of the alumina matrix, the ZrO 2 is commonly used [8] . The hard phases such as TiB 2 , TiN, or TiC are introduced to the Al 2 O 3 matrix in order to improve hardness, toughness, and wear resistance of the material [9, 10] . The second direction aims to reduce an amount of heat generated during machining by reducing the coefficient of friction of the cutting tool and workpiece chip. This intention can be achieved by introducing the microstructure of the material particles able to act as a solid lubricant. Such role can be fulfilled by hexagonal boron nitride [11] or CaF 2 , which is used in the alumina composited reinforced by transition metals' borides, nitrides, or carbides [12] [13] [14] . Lubricants such as hexagonal boron nitride were positively used in case of boron carbide-based composites [15] . The authors noticed a decreased friction coefficient of the sample working with and without cooling agent. Also, there are some works on introducing h-BN to the Si 3 N 4 [16] which showed that the friction is strongly decreased during machining process as a result of the reaction of h-BN with water.
When the temperature at the tip of cutting tool reaches ca. 900°C, the acid is formed [17] 
In the literature, some works made on hot-pressed alumina-hexagonal BN materials starting in an addition not exceeding 10 vol.%-can be found [18] . Very good machinability of Al 2 O 3 /h-BN composites was observed by Li et al. [19] , in case of samples containing h-BN introduced by chemical method and hot-pressed at 1,600-1,800°C. No data concerning correlation between anisotropy of thermal and elastic properties and manufacturing method of this kind of material were found in the literature.
In view of the plate shape of the h-BN particles, in the wafer processing technology using hot uniaxial pressing technique (hot-pressing), there is a danger of the privileged orientation of the boron nitride grains in the microstructure of the material and the appearance of anisotropy of mechanical properties and thermal properties. For this reason, it was necessary to perform measurements enabling assessment of the range of the expected changes.
Materials and methods
For the preparation of composite materials in the Al 2 O 3 /h-BN system, the following commercial powders were used: submicron alumina (0.1 lm, manufacture analysis) Taimicron TM-DAR from Taimei CHEMICALS CO., LTD. and submicron (0.3-0.7 lm, manufacture analysis) hexagonal boron nitride BO-501 from Atlantic Equipment Engineers. The powders were prepared in mass proportions in such a way that the mixture contained 0, 0.5, 1, 2, 5, 10, 20, and 30 vol.% boron nitride. Prepared systems were subjected to homogenization in the rotary vibrating mill. Homogenization step was carried out in an isopropyl alcohol for 6 h at 80 % of the mill chamber filled with alumina grinders in order to mill boron nitride agglomerates. After drying and granulating the resulting powder mixture, obtained material was then sintered using a hot-pressuring device of Thermal Technology Inc. The sintering process was conducted in a graphite mold with graphite punches adopted to uniaxial pressing. The hot-pressing was made in an argon flow under a pressure of 25 MPa at a heating rate of 10°C min -1 to a final temperature of 1400°C, then the annealing process was carried out for 60 min. There were obtained sintered discs with a thickness of 6 mm and a diameter of 75 mm.
Apparent density measurements were made with the use of hydrostatic method. Related density was calculated.
Velocity measurements of elastic wave propagation in sinters were obtained in the perpendicular and parallel directions to the axis of compression with the ultrasonic apparatus PPO-1 (INCO-VERITAS) transducers for longitudinal waves f = 10 MHz, and transducers for transverse waves f = 4 MHz. Following equations were used to calculate elastic properties: ], and q(T) is the material apparent density [g cm -3 ], calculated from hydrostatic measurements.
Observation of the microstructure of the mechanically polished and surfaces of sinters was performed using scanning electron microscopy on the device's NOVA NANO SEM by FEI.
Results and discussion
The apparent density measurements by hydrostatic method were taken into relative density calculations. The results are illustrated in Fig. 1 .
The samples containing up to 10 vol.% of the introduced h-BN show densification higher than 98 %. For higher quantities of additive, the part of h-BN could be removed out of the sample surface during mechanical treatment causing error in open porosity measurements for samples with higher additive content. The closed porosity can be related to large agglomerates of h-BN as the effect of not well-packed additive plates.
Microscopic observation of polished specimens allows to conclude that the h-BN grains are uniformly dispersed in the microstructure of the composite, but defects in the form of mechanical etchings, soft boron nitride phase, do not allow the quantitative analysis of the microstructures. Sample images of the microstructure are shown in Figs. 2, 3, and 4 . Figures 2 and 3 show that h-BN particles are orientated but there are also some agglomerates with non-oriented h-BN plates and possible internal porosity inside agglomerates related to plates packing. It can have significant influence on anisotropy and value of thermal properties and it is a cause of higher porosity of composites containing very high quantity of the introduced h-BN.
The results of ultrasonic measurements, carried out on the materials with different amount of h-BN phases, showed an increase in damping and a decrease in elastic wave propagation velocity with the increase of volume fraction of hexagonal boron nitride dispersed in Al 2 Finding a strong anisotropy of the velocity of ultrasonic waves, therefore also the anisotropy of the elastic properties, which may be caused by a privileged orientation of hexagonal platelets of boron nitride grains in the microstructure of sinters, suggests the possibility of anisotropic thermal conductivity of composites. The decrease in Young modulus can also be linked with low E modulus of increasing content of h-BN. For hot-pressed hexagonal boron nitride, the elastic modulus is 41-97 GPa for parallel direction and 41-103 GPa for perpendicular direction to pressing axis [20] . In accordance with density and microstructure measurements, the large anisotropy can also be caused by the existence of h-BN agglomerates and the porosity. This suggestion was confirmed by the results of measurements of thermal conductivity coefficient changes made in the composites examined at room temperature. The measurement results of thermal conductivity changes caused by the changes in the volume fraction of h-BN are shown in Fig. 8 .
Decrease in thermal conductivity with an increase in fraction of the dispersed phase confirms the hypothesis about h-BN grain orientation as the isotropic thermal conductivity of sintered Al 2 O 3 is about 35 W mK -1 , and the coefficients of thermal conductivity of h-BN are anisotropic. Towards a ''c'' crystallographic direction, thermal conductivity of h-BN has a value of 1.5-2.9 W mK -1 while in the ''a'' crystallographic direction the value is 62 W mK -1 [20] , thus the reduction in the thermal conductivity of composites should be attributed to orientation of the boron nitride plate grains. The porosity begins to play a significant role in the case of materials of higher ([10 %) h-BN content. The nature of changes in the value of thermal conductivity confirms a significant effect Volume fraction of h-BN/% Thermal conductivity/W/mK Fig. 8 The influence of h-BN concentration on thermal conductivity of Al 2 O 3 -based composites measured at 25°C in perpendicular direction to the pressing axis of the h-BN presence on the thermal conductivity of composites. In order to reveal the extent of the conductivity changes, thermal conductivity changes in the temperature range relevant for the intended use of materials were measured. Results of the measurements are illustrated in Figs. 9 and 10 .
The introduction of hexagonal boron nitride leads to the reduction of thermal conductivity of composites in comparison to pure polycrystalline alumina (Figs. 8, 9 ). The addition of solid lubricant strongly decreases the thermal conductivity at higher temperatures. It starts when 2 vol.% of h-BN is exceeded (Fig. 9) . It can mainly be explained by an increase of anharmonic vibrations versus increasing additive content.
The thermal diffusivity obtained directly from the measurement, which is a component of thermal conductivity, has very small error, which indicates high phase stability of manufactured composites at elevated temperatures. The used laser method to determine thermal properties is very sensitive to the thermal stability of the material.
Studies of anisotropy of thermal conductivity were carried out on materials with the highest amount of h-BN phase (Fig. 10 ). Measurements were made in the parallel and perpendicular directions to the direction of the force (pressing axis). The calculated thermal conductivity anisotropy is shown in Fig. 11 .
The results of measurements indicate the presence of a strong anisotropy of the thermal conductivity of the composites, which decreases with increasing temperature for 30 vol.% content of the introduced h-BN (Fig. 11) , where the observed content of additive agglomerates is increasing (Fig. 4) . Inside the agglomerates, there is no special orientation of hexagonal BN plates (Fig. 3) . For 20 vol.% of h-BN, anisotropy is still increasing as a result of lower agglomerate content so higher concentration of orientated h-BN plates. The existence of h-BN agglomerates is a problem for homogenization conditions. The high-energy rotary-vibratory mill was used to provide one of the best homogenization methods for powder mixture preparation. The high rate of milling agent and longer (at least 5 h) process time [21] are needed in order to grind and remove the h-BN agglomerates. It has a significant influence on mechanical properties, which are improved when the agglomerates are destroyed [21] . In addition, Broniszewski et al. [18] used an attritor-type mill for homogenization, which resulted with good deagglomeration effect for small solid lubricate content (as in the case of this study), but they did not mentioned about h-BN quantities higher than 10 vol.%. Cho et al. [22] noticed the formation of high porosity BN pockets in sintered bodies of AlN-hBN composites, where the starting powders were mixed with the use of simple ball milling method. They connected this effect for example with significant decrease of bending strength for higher h-BN content. Li et al. [19] noticed very good homogeneity of Al 2 O 3 with high h-BN concentration in the case where the nano-sized hexagonal BN was prepared by chemical process using boric acid. boron nitride concentration reaches even 40 % for the elastic and thermal properties. 4. Probable cause of anisotropy is oriented distribution of plate h-BN grains in the microstructure of sinter. For higher additive quantities, the agglomerates and porosity play an important role. 5. Laser pulse method allows to determine the thermal properties anisotropy of the manufactured materials.
